The diffraction limit sets the smallest achievable linewidth at half the wavelength. With a subwavelength plasmonic lens allowing one to reduce the diffraction via an asymmetry and to generate and squeeze the wave functions, an incident light is focused by the aperture to a single line with its width smaller than the limited value in the intermediate zone. The focused fields are capable of propagating in free space. This light focusing process, besides being of academic interest, is expected to open up a wide range of application possibilities. © 2010 Optical Society of America OCIS codes: 050.1965, 050.6624, 100.6640, 110.0180, 110.4235, 160.1245 Diffraction, as a general wave phenomenon, occurs whenever a traveling wavefront encounters and propagates past an obstruction. The diffraction sets the smallest achievable linewidth or spot size [1] [2] [3] [4] , which is the ultimate manipulability and resolution [1,2] of numerous diagnostic and fabrication instruments. For a single aperture, the limitation can be given as αλ=NA, where λ is the wavelength in vacuum, NA ¼ n sin θ is the numerical aperture, n is the refractive index of the medium where the focused light locates, θ is the convergence angle of the light, and the constant α is 0.38, 0.5, and 0.61 for a ring, line, and circular aperture, respectively [1]. The diffraction limit concerns traveling light that can propagate freely in the free space, in contrast to the evanescent near field [5, 6] that is electrostatic [7] [8] [9] [10] [11] [12] or magnetostatic [13, 14] , needs a preferred plane or surface for propagation and cannot propagate freely in free space, such as occurs in a superlens [7] [8] [9] [10] [11] [12] [13] [14] . For a dipole source, the near, intermediate (or mid), and far fields decrease away from the source proportional to 1=r 3 , 1=r 2 , and 1=r, respectively [15] , where r is the distance; for a line source, the far field is proportional to 1=r 1=2 . Mathematically, the divergence of the electrostatic field and the Laplacian of the scalar potential are determined by the charge density according to the Gauss law and Poisson equation, respectively, while the fields of propagating light concerned with the diffraction limit are decided by the spatial curl and temporal derivative equations (i.e., the Faraday and modified Ampere equations) involving the scale of λ. Thus, a new understanding and a different approach are needed to produce beyond-the-limit focusing of traveling light.
Diffraction, as a general wave phenomenon, occurs whenever a traveling wavefront encounters and propagates past an obstruction. The diffraction sets the smallest achievable linewidth or spot size [1] [2] [3] [4] , which is the ultimate manipulability and resolution [1, 2] of numerous diagnostic and fabrication instruments. For a single aperture, the limitation can be given as αλ=NA, where λ is the wavelength in vacuum, NA ¼ n sin θ is the numerical aperture, n is the refractive index of the medium where the focused light locates, θ is the convergence angle of the light, and the constant α is 0.38, 0.5, and 0.61 for a ring, line, and circular aperture, respectively [1] .
The diffraction limit concerns traveling light that can propagate freely in the free space, in contrast to the evanescent near field [5, 6] that is electrostatic [7] [8] [9] [10] [11] [12] or magnetostatic [13, 14] , needs a preferred plane or surface for propagation and cannot propagate freely in free space, such as occurs in a superlens [7] [8] [9] [10] [11] [12] [13] [14] . For a dipole source, the near, intermediate (or mid), and far fields decrease away from the source proportional to 1=r 3 , 1=r 2 , and 1=r, respectively [15] , where r is the distance; for a line source, the far field is proportional to 1=r 1=2 . Mathematically, the divergence of the electrostatic field and the Laplacian of the scalar potential are determined by the charge density according to the Gauss law and Poisson equation, respectively, while the fields of propagating light concerned with the diffraction limit are decided by the spatial curl and temporal derivative equations (i.e., the Faraday and modified Ampere equations) involving the scale of λ. Thus, a new understanding and a different approach are needed to produce beyond-the-limit focusing of traveling light.
The excitations of the surface plasmon [16] [17] [18] on metallic surfaces and surface-plasmon-like modes [19, 20] are claimed to enhance [21, 22] the transmission of light and to beam/focus [23] [24] [25] it through subwavelength holes/slits [26] . The wave function across the slit is close to a constant and drops sharply on the surface. This kind of function bounded within a sublimit scale is not considered in the conventional theories and thus is not within their scope.
Here, the innovative approach and physical mechanisms of the focusing aperture beyond the conventional diffraction-limited linewidth (FAB) of half the wavelength [27] are demonstrated here, with the FAB lens including a metallic film with a double slit and a patterned exit structure, as shown in Fig. 1(a) . The width of each slit is smaller than λ=2 and thus the limited linewidth. The width of the central metal strip (the interslit spacing) is about a halfwavelength that gives rise to a subwavelength antenna, and E x fields and the estimated curves of the profile peaks, normalized to the peak at y ¼ −1:175, as a function proportional to y −1=2 (brown long dashed curve and dashed curve) and to y −1 , y −2 , and y −3 (orange long dashed curve, purple dashed curve, green dotted curve) for the fields being the far, mid, and near fields, respectively, according to a dipole source model [15] . which can effectively emit propagating fields due to the addition of the surface currents. Besides the generation of sublimit wave functions within the slits and at the central area resulting from a polarized field conversion and the surface current, the transmitted light of the sublimit scale is bent toward the center and focused to achieve a lower diffraction limit.
A finite-difference time-domain (FDTD) simulation [28] is employed to verify the approach. A structured thin silver film with 20 and 2 grooves at the incident and exit sides, respectively, as shown in Fig. 1(b) , is employed as our FAB lens. A simplified structure on a silica substrate has been employed in an optical experiment [29] that verifies this approach. The refractive index of silver [30] used for λ ¼ 633 nm is 0:134 þ i3:99. The system has 1600 × 1000 cells of the Yee space lattice with a unit cell size of 5 nm. The top of the silver film is at the y ¼ 800 cell, defined as y ¼ 0. The time, t, is normalized to the light period, and the time step is 0.005. Figure 1 (c) shows a snapshot of the magnetic field indicating the propagation of the focused light toward the far zone and the near field along the surface. As shown in Fig. 1(d) , the H z field is almost in phase with the E x field, except near the surface at y ¼ −0:2 μm. Also, the profile fits better with the scaling of a far field than with that of a near field. Thus, the focused fields are dominated by the propagating field.
The linewidth of the focused light can be defined by the FWHM or the width of the spot of the H z energy averaged along x as twice the position uncertainty, which is defined Figure 2(a) shows that the FWHM of the time-averaged H z field energy agrees well with that for the snapshot of the H z field energies, because the system oscillates in one frequency. While the peak intensity of the focused light remains higher than unity, the FWHMs at the normalized distance kr up to 4.17 are smaller than the diffraction limited linewidth of λ=2. The dynamics are helpful to understand the approach and the physics, as shown in the movies of the electric (Media 1) and magnetic (Media 2) fields. The x profiles of the peak focused light at three different times/phases are shown in Fig. 2(b) . Obviously, the diffraction limit has been locally overcome by a result at the intermediate zone in which there is such a small single linewidth occurring with regard to the focused light.
For a propagating (near) field [15] , the electric field is in phase (out of phase) with the magnetic field so that the Poynting vector (i.e., the energy flow) is not (is) zero. The beyond-limit focusing is located at the intermediate zone [15] . The time-averaged Poynting vector in the original y propagation direction [shown in Fig. 3(a) ] also indicates that the focused fields are propagating and hence are capable of traveling to the far zone [15] ; this makes the FAB lens superior to evanescent near-field solutions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] for many critical applications. The involvement of the near field is quantitatively investigated in depth. At the middle location of the central metal strip surface, the H z field is out of phase with the E x field and in phase with the surface current −J x , as shown in Fig. 3(b) . Thus, it is dominated by the near field. But, at t ¼ t f þ 0:12, the focused light has moved out. Its surface H z field is close to zero, on average, and is a small positive number at the middle. The focused E x field has a similar contour as the H z field. The ratio and locations of their peaks determine the impedance Z. The estimated propagating E x field is ZH z , which agrees well with the measured E x , as shown in Fig. 3(c) . This is one more indication [15] for the focused light to be dominated by the radiative field, as also evidenced by the propagation of the E x field at different times [shown in Fig. 3(d) ]. At the time 0.01 later, the H z field at the middle has dropped to a negative value very close to zero. The estimated propagating E x field along kr based on the analytical theory is in good agreement with the focused field obtained from the simulation. The near-E x field, including the intermediate field, results from Temporal profiles of the magnetic field H z (red solid curve), the electric field E x (blue dashed curve), and the current J x (green dotted curve) at x ¼ 0 of the central metal surface. (c) x profiles of peak E x (blue dashed curve) and ZH z (red solid curve) fields at t ¼ t f þ 0:12, where jZj ¼ 0:832 and the phase is three cells or 0:0237λ. (d) r profiles of the E x field at t ¼ t f (light blue short dashed curve), t ¼ t f þ 0:13 (blue dashed curve), and t f þ 0:29 (purple short dashed curve and dashed curve) when the FWHM of the H z energy is still smaller than λ=2, as well as the ZH z field (red solid curve, the estimated propagating E x field, where jZj ¼ 0:840), the near E x field (dark green dotted curve, the difference of the overall and propagating fields), and the near-E x field for the case of an almost perfect electric conductor (light green dotted curve and short dashed curve). their difference and is decreasing away from the surface as expected with the length of half the field energy being kr ¼ 0:476 (<0:1λ)-consistent with the length scale of the near zone measured by near-field scanning optical microscopy [31, 32] . The near field is smaller than the propagating field at kr > 1. Although the midfield may not be completely ignored because of the small phase difference [see Figs. 1(d) and 3(c) ]; the effect of the near field is negligible at the intermediate zone of 2 < kr < 4, where the linewidth of the focused light is smaller than the diffraction-limited value. Because the near field is expected to be caused by the plasma effect on the metal surface, we also calculate the near field for the case of an almost perfect electric conductor. The result confirms that the near field is negligible in our focusing.
In summary, the physical mechanisms of the innovative approach using a miniature FAB lens are demonstrated to focus light to a single line with its width smaller than the conventional diffraction-limited value in the intermediate zone of 2 < kr < 4. It is quantitatively verified that the involvement of the near field in the focused fields is negligible. As of result of being able to propagate light, this scheme can be superior to those based on the involvement of the near field. Further analysis of the structure, especially on the varying structure parameters, will be given in a longer paper. Besides the academic interest generated by the physical mechanisms and the approach, the light focusing process is expected to open up a wide range of application possibilities (e.g., sensing, photolithography, biological and physical systems, and photonic/plasmonic circuits [33] ), especially with regard to the capabilities of the focused light being able to propagate, tuning the focal point position and reducing the sizes of the focused light spot and the corresponding devices. 
